ABSTRACT To assess muscle breakdown during avian coccidiosis, the level of the nonmetabolizable amino acid 3-methylhistidine (3MH) was determined in muscle and plasma from chickens infected with the cecal parasite Eimeria tenella. The change in 3MH level during infection was determined in birds, each inoculated with 0 to 200,000 sporulated oocysts. The effect of levels of parasitism was evaluated at 6 d postinoculation. The 3MH levels of plasma and muscle were determined by HPLC after derivatization with fluorescamine. Weight gains, packed cell volumes, and gross lesion scores were also determined. E. tenella infected birds with lesion scores of 3 or 4 had
INTRODUCTION
Avian coccidiosis, caused by parasites of the genus Eimeria, produces anorexia and reduced weight gain and feed conversion in infected chicks (Long, 1968; Yvoré, 1978; Takhar and Farrell, 1979) . Malabsorption of nutrients at the site of infection is a common characteristic of the intestinal species of avian coccidia, but no effect on absorption has been demonstrated with cecal coccidiosis caused by parasites such as E. tenella (Ruff, 1978; Turk, 1978; Ruff and Allen, 1990) . The pathology of intestinal coccidia infections in chickens is not restricted to local effects, and weight loss is not simply the result of malabsorption (Ruff and Allen, 1990) . A number of metabolic and compositional changes in organs and tissue have been reported. The RNA content of breast and thigh muscle increased in broilers infected with E. acervulina, but DNA content was not altered (Ruff et al., 1981) . Heart weights, glycogen levels, and oxidation of octanoic acid in heart muscle were also reduced during E. acervulina infections (Allen, 1987) . A concurrent increase in heart glycogen was also observed, suggesting that the heart 2001 Poultry Science Association, Inc. Received for publication December 18, 2000. Accepted for publication July 2, 2001.
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significantly elevated plasma and muscle 3MH, whereas infected birds with lesion scores of 0, 1, or 2 did not have elevated plasma and muscle 3MH; however, there was a linear inverse relationship between weight gain and both plasma and muscle 3MH. The results suggested that muscle breakdown, as assessed by plasma and muscle levels of 3MH, was elevated during the acute stage of E. tenella infection and was most likely associated with anorexia caused by infection. However, the correlation of 3MH levels with severity of infection was not as strong as that previously observed for E. acervulina infection, most likely due to the differences in pathology caused by the two species.
switches from oxidizing carbohydrates to fats. The stimulus for these changes may be related to fluxes in hormonal levels (Allen and McMurtry, 1984) .
The pathophysiological effects of E. tenella on the chicken are probably quite different from those of intestinal coccidia because of the significant blood loss that occurs during the acute phase of the infection (Natt and Herick, 1955) . However, there are changes in the cecum during infection. The wet and dry weights of ceca of chickens infected with E. tenella increase compared to controls. Cecal protein and DNA also increase during infection suggesting an increase in cecal tissue (Witlock, 1982) . The filling and emptying of the ceca is decreased during infection, and an increase in contractility of cecal muscle is related to severity of infection (Witlock and Fetterer, 1983) .
Coccidiosis is often accompanied by a decrease in body weight gain and reduced muscle mass as compared to uninfected controls. However, the physiological and biochemical processes causing these changes are not fully understood. To test the hypothesis that avian coccidiosis is accompanied by an increase in muscle breakdown, we recently used a method for quantifying 3-methylhistidine (3MH), a nonmetabolizable amino acid marker of muscle catabolism, in plasma and breast muscle. Changes in the Abbreviation Key: 3MH = 3-methylhistidine. levels of 3MH during experimental infections of chickens with the intestinal parasite E. acervulina, were assessed (Fetterer and Allen, 2000) . These results demonstrated a significant elevation of muscle and plasma 3MH associated with severity and time course of infection and suggested that significant muscle degradation occurs during intestinal coccidiosis. In the current study, to determine if elevated muscle and plasma 3MH is a general feature of poultry coccidiosis, we extended our observations of plasma and muscle 3MH in chickens with intestinal coccidiosis to those infected with the cecal pathogen E. tenella. In addition, these observations provide baseline data as part of a larger study to elucidate cellular and molecular mechanisms involved in decreased growth during avian coccidiosis.
MATERIALS AND METHODS

Chickens, Housing, and Diet
All chickens were SexSal cockerels 2 (White Rock × Rhode Island Red) obtained at 1 d of age. They were raised in brooders 3 for 2 wk, and then housed in suspended wire cages (91 cm long × 61 cm wide × 27 cm high) with five chickens per cage. The birds had access to water ad libitum and were fed a broiler starter diet. 4 Housing temperature of caged birds ranged from 25 to 28 C. Lighting was continuous.
Parasite
Two laboratory strains of E. tenella, 80 and Wampler, were used. Both these strains were purified from isolates taken from producers on Maryland's Eastern Shore and were maintained at the Parasite Biology and Epidemiology Laboratory by periodic passage through chickens. Oocysts isolated from feces were cleaned and stored in 2.5% K 2 Cr 2 O 7 at 4 C. Before use, the K 2 Cr 2 O 7 was washed out with water by repeated centrifugation, and suspensions were diluted to concentrations that delivered the desired number in 1 mL of water.
Experimental Protocols
Within all trials, chickens were distributed into equivalent mean weight treatment groups (Gardiner and Wehr, 1950) taken at 6 d postinfection. Lesions scores, a categorical rating of gross pathology, were determined at 6 d postinfection using method of Johnson and Reid (1970) .
Trial 1. Forty 3-wk-old chicks were distributed among four experimental groups. Chicks in each group received one of the following infective doses of E. tenella Strain 80: 0, 10,000, 50,000, or 110,000 sporulated oocysts.
Trial 2. Forty 2-wk-old chicks were distributed among four experimental groups. Chicks in each group received one of the following infective doses of E. tenella Strain 80: 0, 10,000, 60,000, or 120,000 sporulated oocysts.
Trial 3. Thirty 3-wk-old chicks were distributed among three experimental groups. Chicks in each group received one of the following infective doses of E. tenella Wampler strain: 0, 100,000, or 200,000 sporulated oocysts.
Samples
Blood samples were collected by cardiac puncture into EDTA-treated tubes. Packed cell volumes were measured using standard techniques. Blood samples were centrifuged at 2,200 × g for 10 min at 4 C; the resulting plasma was frozen at −20 C in 1-mL aliquots until analyzed. Approximately 5 g of breast muscle was taken from each bird and immediately frozen in liquid nitrogen. Samples were stored at −80 C until analyzed.
3-Methylhistidine
Plasma and muscle 3MH were measured as previously reported (Fetterer and Allen, 2000) . Briefly, 25 µL of 70% perchloric acid (PCA) was added to 500 µL of plasma or a 100-mg sample of lyophilized muscle was extracted with 2 mL of 3.5% PCA. Samples were mixed well and allowed to stand at 4 C for 60 min, and then centrifuged at 20,000 × g for 10 min at 4 C. The precipitated protein pellets were discarded, and the supernatants were retained for 3MH assay. Supernatants were stored at −20 C. One hundred microliters of a 3MH standard or PCA extract, 250 µL of borate buffer, and 250 µL of fluorescamine reagent (160 mg of fluorescamine in 100 mL of acetonitrile) were placed in a 1.5-mL microfuge tube, vortex mixed, and allowed to stand for 5 min at room temperature. Thirty-five microliters of concentrated PCA was added, and the tubes were capped and incubated at 80 C for 1 h. Tubes were allowed to cool to room temperature and neutralized with 100 µL 0.5 M 3-[N-morpholino]propanesulfonic acid in 3 M NaOH. Samples were stored at 4 C for up to 7 d before assay. Analysis was performed by reverse-phase chromatography as previously described (Fetterer and Allen, 2000) . The flow rate was 1.5 mL/ min and fluorescence of column eluent was monitored at excitation 365 nm, emission 460 nm with a fluorescence detector.
5 Samples were injected in a 5-µL volume using an autosampler. 6 The quantification of 3MH was performed by peak integration and external standard calibration using a chromatography work station.
7 Derivatized samples of synthetic 3MH
8 with concentrations between 1 and 50 nmol/mL served as standards. The concentration Experiment 2 0 0 9 5 ± 6 3 3± 3 3 4± 2 112 ± 10 10,000 2.8 ± 0.1 *77 ± 4 2 6± 3 3 6± 2 104 ± 4 60,000
2.6 ± 0.1 *51 ± 4 *20 ± 3 3 6± 3 125 ± 5 120,000 3.0 ± 0.1 *19 ± 3 *21 ± 2 *55 ± 4 *226 ± 4 Experiment 3 0 0 161 ± 15 27 ± 1 3 3± 1 8 8± 5 100,000 3.8 ± 0.1 *74 ± 12 *21 ± 1 3 5± 2 *109 ± 10 200,000 4.0 ± 0.1 *57 ± 10 *20 ± 1 *39 ± 3 *161 ± 10
Data are means ± SEM; n = 10. *Value is significantly different from uninoculated control.
of 3MH in samples was expressed as nanomoles per milliliter for plasma and nanomoles per gram of dry weight for muscle.
Statistics
Statistical analyses to determine differences between treatment means were performed with the general linear models procedure and Duncan's multiple-range test (SAS, 1990) or Kruskal-Wallis ANOVA procedure on ranks with differences between treatments determined with Dunn's method. 9 Linear regression was performed with statistical analysis software.
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RESULTS
At 6 d postinfection mean lesion scores, as an estimate of pathology, ranged from 0.5 to 4 in the infected birds in the three trials (Table 1) . Infected birds with lesion scores above 2.8 had significantly lower packed cell volumes and decreased weight gains. When the plasma and muscle 3MH from infected birds from the three trials with the same lesion scores were examined, 3MH was significantly higher in birds with lesion scores of 3 or 4, but no difference in plasma or muscle 3MH was noted between infected birds lesion score of 0, 1, or 2 ( Figure  1 ). When data from all three trials were pooled, there was a significant inverse linear relationship between weight gain and both plasma and muscle 3MH (Figure 2 ).
DISCUSSION
The current study demonstrates that E. tenella-infected chickens that have severe gross pathology (lesions scores of approximately 3) have increased levels of plasma and muscle 3MH, generally accompanied by weight loss and 9 Sigma Stat 2.0, SPSS Inc., Chicago, IL 60615. decreased packed cell volume; however, there was no change in plasma or muscle 3MH in infected birds with lesion scores less than 3. These observations suggest that the gross pathology and elevation of 3MH are not directly FIGURE 1. Plasma and muscle 3-methylhistidine (3MH) from Eimeria tenella-infected birds as a function of lesion score. Birds with the same lesion score from all three experiments were pooled and corresponding plasma and muscle 3MH levels analyzed. Data are means ± SEM; n was minimum of 8. Table  1 . Lines were determined by linear regression analysis.
related. In contrast, there was a significant inverse relationship between weight gain and plasma and muscle 3MH. This relation between weight gain and 3MH levels is in agreement with previous observations that plasma and muscle 3MH are elevated during E. acervulina infection of chickens (Fetterer and Allen, 2000) . This previous study suggested that elevation in 3MH, and thus an increase in muscle catabolism and corresponding decrease in weight loss, is caused by a combination of anorexia and malabsorption. However, unlike the current study, the elevation in 3MH in our previous study was directly related to the severity of E. acervulina infection.
Infection of chickens with E. acervulina or E. tenella results in depressed appetite, weight loss, and decreased feed efficiency (Yvoré, 1978) . However, the mechanisms of pathology are thought to differ between the two species, with the intestinal forms causing decreased nutrient absorption, whereas the bleeding associated with E. tenella causes pathology through blood and serum protein loss (Natt and Herick, 1955; Fukata et al., 1997) . These differences in pathology may account for the lack of a clear relationship between severity of infection and 3MH levels during coccidiosis caused by E. tenella.
Although the relationship of 3MH levels to pathology differs between E. tenella and E. acervulina infections of chickens, a common feature is an increase in 3MH related to decreased weight gain during the acute phase of the infection. The cause of decrease in weight gain is most likely the anorexia associated with the disease. Recent studies with infected and pair-fed turkeys suggest that 60 to 80% of the increase of 3MH observed during intestinal coccidia infection is due to decreased food intake with the remainder of the increase due to specific pathology of the disease (R. H. Fetterer and P. C. Augustine, 2001 , USDA/ARS, Beltsville, MD, unpublished data). It seems reasonable that the elevation in 3MH levels and the corresponding decrease in weight gains observed in E. tenella and E. acervulina infections are the result of the interaction of anorexia and the specific pathology associated with each species. However, in both species, the elevation in muscle and plasma 3MH is most closely associated with decreased weight gain and is most likely the result of catabolism of muscle during the acute phase coccidiosis.
